To date, several individuals have been described as having 5q31.3 microdeletion syndrome. [1] [2] [3] [4] Shimojima et al. 1 reported two individuals with profound neonatal hypotonia, feeding difficulties, an abnormal electroencephalogram (EEG), hypomyelination, and severe psychomotor delay. 1 Lennox-Gastaut syndrome was diagnosed in one of these individuals, for whom seizures started at 12 months of age. Additional affected individuals were subsequently reported as presenting with marked hypotonia, respiratory insufficiency with central or obstructive sleep apnea, swallowing dysfunction, seizure-like episodes, epilepsy, and neuroimaging abnormalities. , and cysteine-rich transmembrane module containing 1 (CYSTM1). 3 Although PURA has earlier been proposed as a candidate gene with mutations responsible for the neurological phenotypes in this syndrome, 3 no individuals with point mutations in this gene have been described.
We identified 11 individuals with de novo heterozygous mutations in the single-exon gene PURA among 2,908 consecutive subjects referred to the Whole Genome Laboratory at Baylor College of Medicine from October 2011 to April 2014 for clinical exome sequencing. 5 Approximately 70% of the individuals were pediatric subjects with a variable spectrum of neurodevelopmental disorders. Sequencing and data analysis were conducted as previously described (Yang et al. 5 ) and targeted~20,000
genes, including the coding and UTR exons. Average coverage for targeted regions was greater than 1303, and more than 95% of the target bases were covered by at least 20 reads. To clarify the role of PURA in 5q31.3 microdeletion syndrome, we analyzed previously unreported PURA variants found by clinical exome sequencing. Subjects were enrolled in research studies approved by the institutional review board of Baylor College of Medicine or the University of Rochester, and informed consent was obtained. Sanger sequencing confirmed the PURA mutations in all individuals and validated the absence of the relevant mutations in both parents for each of the 11 probands. For each proband, samples were obtained from the biological parents, and the transmission of multiple rare variants was verified by Sanger sequencing confirming the stated parental relationship. Of the identified PURA mutations, four were truncating (three nonsense and one frameshift), five were missense, and two were in-frame deletions ( PURA encodes a highly conserved 322 amino acid multifunctional protein, Pur-a, that has important roles in DNA replication, DNA transcription, and mRNA trafficking. Pur-a is required for postnatal development of the murine brain and is involved in both neuronal proliferation and maturation of dendrites. 8, 9 It has also been shown to be important for the transport of specific mRNA molecules to sites of translation in hippocampal neurons. 10 Homozygous Pura À/À mice appear normal at birth, but they develop tremors and seizures at 2 weeks and die by 4 weeks of age. 8 The number of neurons is severely lower in the cerebellum, cortex, and hippocampus of these mice than in those of age-matched Pura þ/þ controls. 8 The development of dendrites is also abnormal in the cerebellum and hippocampus of Pura À/À mice. 10 Pur-a has been found to colocalize with fragile X mental retardation protein 1 homolog (FMRP) at several sites throughout dendrites in mice. 10 Pur-a, the Drosophila ortholog of PURA, has been shown to interact with the RNA transcript of FMR1 at the rCGG repeats and has been implicated in neurodegeneration in the model of fragile-X-associated tremor/ataxia syndrome. 11 It is postulated that this interaction might be necessary for FMR1 mRNA transport into dendrites. Similarly, Pur-a has been shown to be involved in the transport of mRNAs into the growing oocytes in Drosophila, given its expression in both follicle cells and germline cells. 12 The crystal structure of the protein reveals that the functionality of Pur-a relies on the three conserved PUR motifs. 13 The first and second PUR motifs function in binding of singlestranded DNA or RNA, whereas the third PUR motif is involved in the dimerization of Pur-a. In previous studies, targeted mutations in critical codons within the PUR motifs abolished the ability of Pur-a to bind DNA or RNA and impaired the translocation of Pur-a from follicle or nurse cells into oocytes. 12, 13 The mutation in codon 97 of subject 4 overlaps the Drosophila critical codon 80 mutation (causing p.Arg80Ala), previously 12, 13 shown to result in reduced nucleic acid binding without affecting correct folding. The missense and in-frame-deletion mutations in our study are all located at conserved sites within PUR motifs ( Figure S1 ). Two in silico prediction tools, PolyPhen-2 and SIFT, predict that the five missense mutations have damaging effects (Table S2 ). Interestingly, given that this is a single-exon gene and thus not likely subject to nonsense-mediated decay, all truncating mutations found in our series will result in loss or partial loss of PUR motif(s).
To further elucidate the biological roles of PURA, we employed the model organism Caenorhabditis elegans, whose PURA ortholog is plp-1. The plp-1-null allele, ok2155, has a 1,107 bp deletion encompassing part of the promoter region and the first 255 bp of cDNA sequence involving two exons ( Figure S2 ). We found that homozygous plp-1 (ok2155) mutants were sterile. DAPI staining showed that oocytes were absent in the plp-1 mutant ( Figures 1C and 1D) , suggesting a requirement of plp-1 for germline differentiation. The plp-1 mutants had defective locomotion, marked by a 3-fold reduction in speed in comparison to wild-type animals ( Figure 1E ; Movies S1 and S2). Compared to age-matched wild-type worms, which showed normal movement, the mutants exhibited minimal forward movement across the culture medium. The observed defects might be related to the impaired mRNA trafficking during oogenesis and neuronal activities. Together, these results suggest the essential functions of plp-1 in both somatic and germline tissues. Human PURA is expressed in the brain and ovarian tissues ( Figure S3 ) and might have roles similar to those of plp-1.
In conclusion, we characterize the clinical features and report de novo heterozygous PURA mutations in multiple individuals with a significant neurodevelopmental phenotype recapitulating 5q31.3 microdeletion 
Feeding difficulties
Respiratory difficulties 14 PURA mutations should be considered in the evaluation of infants with profound neonatal hypotonia, myoclonic jerks, respiratory insufficiency, and an abnormal EEG. Although further investigations are essential for understanding the effects of PURA haploinsufficiency on encephalopathy with or without epilepsy, this study is an important step toward the clinical and molecular characterization of this disease, which is typically associated with a significant neurological outcome.
Supplemental Data
We are grateful to the families for participating in the study. Wild-type (N2) and RB1711 (plp-1(ok2155)IV) animals were obtained from the Caenorhabditis Genetics Center. C. elegans were grown on standard nematode growth media plates (containing 5 mg/l cholesterol) with E. coli OP50 at 25 C according to standard protocols. DAPI staining was performed at room temperature. The germline was dissected out from young adult worms. (E) Average speed of individual worm movement (wild-type n ¼ 14, plp-1 n ¼ 12). The p value was obtained by a onetailed Student's t test. Error bars in the scattered dot plot represent the mean and the SEM. Spontaneous movement of agesynchronized worms on standard worm plates was recorded for 15 s with an SMZ1500 stereo microscope (Nikon) connected to a C11440 camera (Hamamatsu). Individual worms were tracked with NIS Elements AR 2D tracking imaging software (Nikon), and the average velocity (mm/s) was calculated. Representative recording of wild-type worms and plp-1 mutants are shown in Movies S1 and S2, respectively.
